Introduction
Cystic fibrosis (CF) is the most common lethal genetic disease in Caucasian populations. Mutations in the CF transmembrane conductance regulator (CFTR) gene, which is located on the long arm of chromosome 7, confer disease in an autosomal recessive fashion. To date, more than 1,400 individual mutations have been identified and reported in the Cystic Fibrosis Mutation Database (http://www.genet.sickkids.on.ca/cftr/), making population screening solely via genetic techniques impractical. The ⌬ F508 mutant allele, which encodes a single amino acid deletion within this 1,480-amino-acid-long protein, is by far the most prevalent allele, accounting for 66% of mutations worldwide [1] . The classical CF phenotype is quite complex, involving multiple epithelial lined organs [De Boeck, , although lung manifestations are the dominant source of morbidity and mortality. Significant progress has been made in recent years toward a clearer understanding of the pathway that links CFTR gene mutations to clinical manifestations of CF and, in particular, the mechanisms that underlie the apparent failure of lung defense. In this review, we will focus on the pathophysiologic mechanisms that make the CF lung vulnerable to the development of chronic bacterial infections and the subsequent events that produce progressive bronchiectatic lung disease. Donaldson 
CFTR Is a Regulator of Epithelial Salt and Water Transport
The earliest notion that CF results from abnormal electrolyte transport came from observations that CF sweat contains elevated sodium and chloride concentrations [2, 3] . Further evidence came from multiple studies that demonstrated abnormal ion transport across other affected organs, including airways [4] , pancreatic ducts [5] , biliary ducts [6, 7] , and the colon [8] . The cloning of the CFTR gene [9, 10] and its subsequent identification as a chloride channel [11, 12] were breakthrough events that further solidified the link between dysregulated ion transport and the various organ level manifestations of CF. The role of CFTR in epithelial physiology, however, has now been shown to extend beyond its function as a Cl -channel as many studies have demonstrated that CFTR is involved in the regulation of other ion channels. Most notably, CFTR exerts an inhibitory effect on the epithelial sodium channel (ENaC) [13, 14] , via an as of yet undetermined mechanism, while also influencing the activity of other distinct chloride channels [15, 16] . CFTR, therefore, is positioned as a central regulator of salt and water transport across multiple epithelia, and its absence results in organ-specific ion transport abnormalities. As a consequence, reduced net fluid secretion across affected epithelia is a common theme that leads to ductal (pancreatic, biliary, bronchiolar, vas deferens) obstruction and subsequent organ dysfunction (exocrine pancreatic insufficiency, cirrhosis, bronchiectasis, male infertility).
Pathophysiology of CF Lung Disease
CF lung disease is distinct from other organ system manifestations in CF because (1) lung disease is the cause of premature death in about 95% of patients, and (2) only the lung develops a chronic infection phenotype with an associated intense inflammatory response. Further discussion of the pathophysiologic processes that contribute to CF lung disease is therefore warranted.
Current evidence suggests that the CF lung is free of infection and not inflamed at the time of birth [17, 18] . Over the course of months to years, however, stigmata of first recurrent and then chronic infection begin to appear. Microbiologic studies reveal a fairly typical evolution of pathogens, with respiratory viruses, Haemophilus influenzae and Staphylococcus aureus, predominating early in life. With time, more problematic and increasingly resistant pathogens, including Pseudomonas aeruginosa and other Gram-negative bacteria (e.g. Burkhol deria cepacia complex, Stenotrophomonas maltophilia , Achromobacter xylosoxidans ), often dominate the clinical picture. Direct tests of systemic immunity, which are normal, and the absence of an infectious phenotype outside the respiratory tract suggest that a local defect in lung defense is responsible for the development of CF lung disease. In fact, the intense neutrophilic inflammatory response to airway infections is arguably more robust and persistent than in non-CF conditions [19] [20] [21] [22] , yet the CF lung ultimately fails to clear bacterial pathogens once they become established. It is this defect in innate airways defense that has been the focus of intense investigation and the recent target for therapies aimed at preventing or slowing the cascade of pathogenic events that culminate in progressive lung destruction.
Innate Defense Mechanisms in the Normal Lung
Because the lung is continuously exposed to both noxious and infectious agents, a multitiered defense has evolved that is able to continuously cleanse airways without inciting a potentially harmful inflammatory response. The mucus clearance (MC) system appears to be paramount for airways defense and is the locus of defects that lead to genetic lung diseases such as CF and primary ciliary dyskinesia. Other important elements in this defense system include locally residing leukocytes (e.g. alveolar and airway macrophages), mucosal immunoglobulins and secreted antimicrobial compounds (e.g. lysozyme, lactoferrin), all of which are available to neutralize microbes that escape the first line of defense, i.e., mechanical MC.
A normally functioning MC apparatus requires the coordinated activities of mucus secretion, salt and water transport, and cilial beating. Mucus secretion creates a protective blanket that efficiently binds inhaled particles via its panoply of carbohydrate epitopes, where they become entrapped via turbulent flow. The mucus layer, which floats on top of a less viscous and physically distinct liquid layer, is propelled cephalad by a combination of coordinated cilia beating and airflow/cough. The underlying liquid layer, often referred to as the 'sol' or 'periciliary liquid' layer (PCL), is itself quite complex and specially structured to provide a low resistance environment for cilial beating while allowing efficient mechanical coupling between the tips of cilia and the mucus layer.
Active ion transport creates the driving force for regulated liquid absorption and secretion [23] , which in turn maintains an appropriate PCL height (approximating the height of an outstretched cilium) and adequate hydration of the mucus layer [24] . Perhaps most importantly, the PCL may also function as a lubricant that prevents adhesion between the mucus layer and cell surfaces, thus facilitating both cilia-driven and cough-dependent MC [25] .
The Innate Host Defense Defect in CF
A number of hypotheses have been raised to explain the combination of excessive airway mucus, typical bacterial infections (especially P. aeruginosa ), and intense neutrophilic inflammation that is characteristic of CF lung disease. Both increased bacterial binding in CF airways -due to altered glycosylation of luminal proteins [26] [27] [28] -and reduced CFTR-mediated binding, internalization and clearance of Pseudomonas [29, 30] -have been proposed to predispose CF patients to chronic airway infections. Neither explanation appears adequate, however, to explain the whole of CF lung disease. In the case of the 'altered glycosylation' hypothesis, infection in patients with genotypes other than ⌬ F508/ ⌬ F508 is not explained [31] . In the latter hypothesis, where CFTR is proposed to act as a Pseudomonas receptor, the onset of clinically apparent lung disease prior to acquisition of P. aeruginosa infection is not explained. Further, patients with CFTR mutations that lead to expression of channels at the apical membrane (i.e. 'class IV' mutations) also have an infectious phenotype, despite the presence of a poorly conducting but otherwise intact CFTR channel.
Alternative explanations for the unusual predisposition to lung infections in CF have centered on the hypothesis that CF airway secretions themselves are abnormal in composition. Earlier studies reported that CF airway surface liquid (ASL) was relatively hypertonic (vs. normal ASL) and, as a result, a poor environment for the function of salt-sensitive antimicrobials (defensins) [32, 33] . These studies, however, have largely been discounted as the result of careful studies that uniformly demonstrate ASL isotonicity (normal and CF) [34] [35] [36] [37] [38] and that the dominant antimicrobial molecules (e.g. lactoferrin, lysozyme) are intact in CF [39] . An additional 'compositional' hypothesis raised to explain impaired host defense in CF relates to the loss of bicarbonate secretion through CFTR. Although some studies indicate that the pH of airway surface secretions may be lower in CF [40] [41] [42] , the precise mechanism(s) by which this phenomenon may lead to airway infection is not clear.
In contrast to these 'cell biological' and 'ASL compositional' hypotheses, the currently favored 'low ASL volume' hypothesis directly relates the previously described ion transport abnormalities to impairment of MC. In CF airway epithelia, two CFTR functions are lost. First, the CFTR-mediated inhibitory influence over ENaC is absent. As a result, sodium absorption proceeds unchecked regardless of the status of the ASL volume. Second, the capacity to initiate Cl -secretion via CFTR in response to ASL volume depletion is lost. Therefore, whereas a normal airway epithelia blends sodium absorption and chloride secretion in response to adenosine concentrations on airway surfaces (via A 2b receptors that bind adenosine and regulate cAMP levels) in order to regulate the amount of fluid on airway surfaces [43] , CF epithelia fail to do so effectively [44] . Instead, because airway epithelia are water permeable, the combination of sodium hyperabsorption and inadequate chloride secretion produces a reduced volume of isotonic ASL. With volume depletion, the PCL becomes too shallow to permit normal cilial motion and clearance via this mechanism is lost ( fig. 1) . Further, depletion of the PCL may allow contact between the overlying mucus layer and cell surfaces, allowing the development of adhesive interactions between cell surface (tethered) mucins and secreted mucus components. As a result, both cilia-dependent and cough-dependent MC is impaired. Finally, dehydration of the mucus layer increases its viscoelasticity, thereby reducing its transportability. The concentration of mucins within the mucus layer also tightens the mesh through which recruited neutrophils must migrate to reach intraluminal bacteria, causing an additional defect in host defense [45] . This series of events, therefore, constitutes the pathophysiologic basis of disease initiation in CF and results in mucus stasis and the formation of adherent mucus plaques on airway surfaces. It is these plaques that provide the environment in which specific bacteria are able to persist and cause chronic suppurative lung disease ( fig. 2) .
Given the importance of MC for lung defense, it is not surprising that a redundant fluid-secreting pathway is present in airways -namely calcium-activated chloride channels (CACC), which are activated by the binding of adenosine 5 -triphosphate (ATP) to P2Y 2 receptors. ATP is released from epithelial cells, most notably in response to physical stimuli, such as the mild shear stress that is imparted by airflow during tidal respiration and cough [44] . Recent studies suggest that this system is functional in CF airways and can provide sufficient, but less than normal, airway surface hydration for MC [44] . However, sole reliance on this mechanism for maintaining ASL volume in CF becomes particularly problematic when insults (e.g. viral infection) perturb the carefully regulated ATP-signaling pathway. Increased expression of enzymes that hydrolyze ATP occurs in response to various inflammatory stimuli [46] and, in the case of experimental respiratory syncytial virus infection, was shown to reduce ATP levels and cause ASL volume depletion [44] (fig. 3) . It is postulated, therefore, that episodic insults to the CF airway cause decompensation of the ASL volume regulation system and result in regional impairment of MC. It is further postulated that 'exacerbations' of CF lung disease may be the clinical expression of these episodic events. Over time, these insults may create a self-perpetuating cycle of reduced clearance and chronic bacterial infection, thus explaining the observed chronic progression of CF lung disease.
Evidence for the validity of the 'low volume' hypothesis is provided by multiple in vitro model systems, as well as in vivo measurements, that have validated the predictions that ASL is isotonic [34, 37, 47] , that the PCL is depleted in CF relative to normal epithelia [24, 34] , and that mucus stasis and adhesion occur as the result of PCL volume depletion [34] . In addition, the nasal septal mucosa of the CFTR knockout mouse, which is the only airway region that demonstrates the typical CF ion transport phenotype, develops a local CF-like phenotype with reduced ASL height and evidence of spontaneous infection/inflammation [24] . More recently, a transgenic mouse that overexpresses the ␤ subunit of ENaC was created to better model the volume hyperabsorption that is observed in human CF airways. The result was an animal with a striking CF-like phenotype, including (1) demonstrable sodium hyperabsorption across airways, (2) ASL volume depletion, (3) mucus hypersecretion and adhesion to airways, (4) 'spontaneous' (i.e., not requiring experimental inoculation with an infectious agent) inflammation, and (5) slowed bacterial clearance [48] . Normal airway epithelial cells regulate sodium (via ENaC) and chloride (via CFTR and CACC) transport in order to maintain an optimal periciliary liquid layer height in order to support cilial motion and to adequately hydrate the overlying mucus layer. As a result, MCC is maintained. CF epithelia are missing CFTR-mediated chloride transport and hyper absorb sodium (via ENaC). Despite partial compensation by chloride secretion through CACC, depletion of the PCL layer and mucus dehydration ensues, and MCC is slowed as the result.
In vivo measurements of mucociliary clearance (MCC) in CF patients provide interesting additional insights into the pathophysiology of CF lung disease and provide a test of the reduced MC hypothesis. The largest data set describing MCC in CF is that of Robinson et al. [49] , which suggested that MCC is routinely abnormal in CF patients, including those with normal spirometric values. This observation suggests that MC is indeed an early, likely primary, CF defect rather than a secondary result of lung disease. In contrast, more recently reported data from Donaldson et al. [50] suggested that MCC in the large airways of CF subjects was not different from normal, whereas clearance defects were detected in measures that reflect small airway clearance (i.e. peripheral lung clearance and 24-hour clearance measurements). In addition, this study demonstrated that cough-mediated clearance was negligible from peripheral airways in CF. These data, therefore, lend further support to the notion that MC is abnormal in CF, but that the defect may be heterogeneous and most pronounced in the small airway regions where CF lung disease is thought to originate.
The Progression of CF Lung DiseaseBeyond ASL Dehydration
With dehydration of airway surfaces in CF and the formation of mucus plaques, the stage is set for the development of chronic bacterial infection and the resulting inflammatory response that ensues. The plaques themselves, being stagnant and relatively impenetrable to neutrophils, create an ideal niche for bacteria that are either inhaled or aspirated from the oropharynx. As mucus accumulates in these plaques, a frank plug may develop and cause airway obstruction, further encouraging the establishment of bacterial infection. Importantly, a local anaerobic niche of macroscopic mucus plaques and plugs is Fig. 2. a The normal lung maintains a PCL layer that approximates the height of an outstretched cilium, normally hydrates the mucus layer, and airway surface secretions are aerobic. b Early in CF lung disease, ion transport abnormalities result in depletion of the PCL layer, preventing normal cilial motion and causing the thickening mucus layer to begin to impinge upon cilia. c With advanced CF lung disease, a markedly dehydrated and anaerobic mucus mass accumulates in the airway lumen, becomes adherent to airway surface due to loss of the PCL layer, and supports the growth of Pseudomonas microcolonies in a biofilm structure. Recruited neutrophils are unable to penetrate the thickened mucus layer and therefore do not reach bacteria within the mucus plug. 106 created as a consequence of both a long O 2 diffusion distance and elevated rates of O 2 consumption by the CF epithelium, as demonstrated by both in vitro and in vivo (bronchoscopic) studies [51] . This microenvironment is believed to select for pathogens best adapted to it, including Pseudomonas , thus explaining the observation that CF, and to a somewhat lesser extent other forms of bronchiectasis, is afflicted by a relatively small but unique cadre of typical pathogens. Of note, the complexity of the bacterial communities that develop in this environment is likely to be dramatically underestimated using routine microbiologic techniques. More recently, molecular techniques have documented far greater bacterial diversity in the CF lung than previously realized, including the presence of organisms that require anaerobic conditions for growth [52] .
New information regarding the behavior of Pseudomonas in the CF lung has been very helpful in understanding the pathophysiology of CF while also bringing hope for new therapeutic targets. In its natural environment, Pseudomonas is a mobile, planktonic bacterium. In the CF lung, pseudomonads drastically alter their gene expression, at least in part due to quorum-sensing signals, such that a stationary bacterial microcolony, or biofilm, develops within mucus plaques/plugs. The production of alginate, conversion to anaerobic metabo- lism, as well as the concentrated mucin environment itself, all contribute to evasion of immune defenses and antibiotic interventions, and result in bacterial persistence in the CF lung. The ineffective inflammatory response that follows, rather than clearing infection, instead causes progressive airway damage and bronchiectasis.
Therapeutic Implications
Studies that address the pathogenesis of CF lung disease have not only furthered our understanding of this complex process, but have also uncovered new therapeutic targets for drug development. Clearly, the treatment standards of physical airway clearance and antibiotics are logical means of minimizing the mass of retained mucus and airway obstruction while also reducing the burden of infecting organisms that stimulates further inflammation and mucus production. However, it is now apparent that interventions that restore the normal hydration status of the PCL and mucus layers prior to the development of mucus adhesion have the potential to greatly slow the initiation and progression of CF lung disease. Towards that end, inhaled hypertonic saline solutions that osmotically draw water into the ASL layer are now being used clinically. This approach represents the first generation of therapies actually aimed at the underlying defect in CF. Gratifyingly, this simple approach to therapy has been shown to improve MCC and spirometry while also lessening symptoms and, most importantly, the frequency of disease exacerbations [ 50, 53 ; Strandvik, p. 136 ] .
Currently in development are other agents that address ASL volume depletion via other mechanisms of action. For example, both long-acting P2Y 2 agonists (which stimulate chloride secretion via CACC) and ENaC inhibitors are in clinical trials and have the potential to rebalance liquid secretion/absorption across CF airways using the ion transport apparatus that is immediately available. Alternatively, intense efforts using high-throughput screening of chemical libraries are beginning to identify agents that improve the cellular processing and function of the most common mutant CFTR channel (i.e. ⌬ F508), such that it may reach the apical plasma membrane and function as a chloride channel [54] . It is likely that early and consistent use -i.e. in infancy or prior to onset of significant lung disease -of any therapy that effectively addresses ASL volume depletion will be necessary. However, this strategy now for the first time provides the opportunity to intervene in a preventative, rather than reactive fashion, and thereby significantly alters the course of this lethal lung disease. Clinical trials that test this approach to therapy in the youngest of patients should be forthcoming soon.
Conclusion
Although a number of hypotheses have been proposed that pertain to the origin of CF lung disease, a growing body of evidence suggests that ASL volume depletion with adhesion of thickened mucus to airway surfaces initiates the complex cascade of events that culminate in chronic infection, bronchiectasis, and respiratory failure. These data provide an impetus to target early pathogenic steps with agents that increase ASL volume and detach adherent mucus plaques. Additionally, strategies that target Pseudomonas adapted to an anaerobic environment and biofilm growth may provide improved treatments for patients who already have established lung disease with persistent bacterial infection. Ultimately, however, the application of long-acting therapies that effectively restore the hydration of airway surfaces prior to the development of chronic disease may be needed to greatly reduce the toll this disease has on sufferers with CF.
